Our understanding of the critical shift in life history among insect parasitoids from ectoparasitism to endoparasitism is hindered by the fact that this particular life history trait is not known for many phylogenetically important taxa. One method of coping with this problem is to seek correlations between the ovipositor structure and this life history trait among taxa whose life history is known, and then to use this to infer the trait in species whose life history in unknown. In one group of parasitoid wasps, the Ichneumonoidea (Hymenoptera), we scored a total of 20 morphometric and morphological characters of the ovipositor for 41 species whose life histories are known -representing all the main clades in which there have been independent transitions to endoparasitism plus a broad range of the ectoparasitoid groups; we then used phylogenetic regression and discriminant analyses to infer the life history of four species whose life histories are unknown. To allow for the effect of phylogenetic non-independence in the discriminant analysis, we carried out analyses using different randomly chosen representatives of the endoparasitoid clades (phylogenetic regression controls for phylogeny). These two methods gave congruent results from which we conclude that Megalohelcon and Gnamptodon are endoparasitoids, and Aspilodemon and Allobracon are ectoparasitoids. We discuss the consequences of these inferences for our understanding of the evolution of endoparasitism in the Ichneumonoidea.
INTRODUCTION
A parasitoid may be defined as 'an organism which develops on or in another single ("host") organism, extracts nourishment from it, and kills it as a direct or indirect result of that development' (Eggleton & Gaston, 1990) . Perhaps 10% of all described insect species are parasitoids and the life history is found among many insect groups (Eggleton & Belshaw, 1992) . The parasitoid Hymenoptera (also known as parasitic Hymenoptera, or parasitoid/parasitic wasps) account for approximately three-quarters of the total number of parasitoid species. Typically laying their eggs on to or into the immature stages of other insects, the parasitoid Hymenoptera represent a single origin of the parasitoid life history, from which there have been later shifts to other life histories such as phytophagy found in Cynipidae (gall wasps) and sporadically elsewhere, and the 'provisioning predator' one found in many Aculeate Hymenoptera (Godfray, 1994) .
Among parasitoid wasps a major change in life history has been that from an ancestral ectoparasitism, in which the egg is laid on the host and the larva develops externally, to endoparasitism, in which the egg is laid inside the host and the parasitoid larva develops internally (Quicke, 1997) . Whitfield (1998) reviews the distribution of endoparasitism among different groups of parasitoid Hymenoptera.
Several studies have used phylogeny estimates to infer the historical occurrence and nature of this tran-sition in lineages of parasitoids (Whitfield, 1992; Dowton & Austin, 2001) , and there has been additional discussion of the selective pressures causing the transition (Gauld, 1988; Quicke, Le Ralec & Vilhelmsen, 1999b) . In addition, Mayhew & Blackburn (1999) used phylogenetic regression to examine the relationship between life history traits and mode of development. More specifically, they tested whether a range of traits such as size and fecundity could be predicted by proposed fundamental dichotomies between endoparasitoids and ectoparasitoids, and between the developmental modes of koinobiosis and idiobiosis (discussed below).
However, a major problem that all theses studies face is that the life histories of many taxa -often phylogenetically important ones -are unknown. Typically, such taxa are also rare and/or have a restricted geographical range, which makes it difficult to obtain direct observations. It would therefore be valuable to be able to infer whether species were ectoparasitic or endoparasitic from the morphology of the adult females in museum collections. It would also be preferable to use a non-destructive method because typically such species are rare and dissection of museum specimens is unlikely to be permitted. We expect that the structure of the ovipositor is adaptive and hence likely to be useful to infer life history. This assumption is supported by our earlier detection of evidence for convergence among morphological characters of the female reproductive system (including the ovipositor) in several phylogenetically independent lineages of Braconidae (Quicke & Belshaw, 1999) . There are some clear associations of structure with function, e.g. the large teeth on the ovipositor valves in species that 'drill' through wood to reach their host (Vincent & King, 1996) , and the high concentrations of zinc or manganese in the ovipositors of some such speciespresumably for cuticular hardening . However, the correlations are not always obvious, e.g. in some endoparasitoid species attacking hosts that are concealed within fruits, Kimani-Njogu & Wharton (2002) recently found character states of the ovipositor that were previously thought to be indicative of ectoparasitism.
In this paper we focus on a single superfamily of parasitoid wasps (the Ichneumonoidea). This is for several reasons: (1) we have estimates of their phylogeny, (2) there appear to have been many independent transitions from ectoparasitism to endoparasitism and (3) we can homologize structures within the group (Belshaw et al ., 1998; Dowton et al ., 2002) . The final point refers to the apparent functional shifts in ovipositor morphology between parasitoid superfamilies: when ovipositor teeth are present, ichneumonoids have them on the lower valves whereas nearly all the other parasitoid superfamilies have them on the upper valve (Gerling, Quicke & Orion, 1999; Quicke et al ., 1999b) . We examine the ovipositor morphology of a range of genera whose life histories are known, and use this to infer the history of certain taxa whose life history is not known. In an earlier study of ovipositor morphology, Le Ralec, Rabasse & Wajnberg (1996) used correspondence analysis to look for adaptive convergence among the parasitoids that attack hosts with similar morphologies. However, a major problem with such an approach is phylogenetic nonindependence (Harvey & Pagel, 1991) . The results are likely to be biased by differences in the relative strength of representation of different clades; therefore, characters that are clade dependent, and potentially not associated with the life history trait in question, may be given disproportionate weight. To overcome this problem we need to take account of phylogeny, and in our study we did this using two techniques (phylogenetic regression and a specifically modified discriminant analysis).
Phylogenetic regression (Grafen, 1989) offers the hypothesis-testing facilities of General Linear Models in a phylogenetic context; thus it is possible to control for one set of variables while testing for another (both sets may include continuous and categorical variables, and interactions). The method automatically fits by maximum likelihood a parameter ('rho') that stretches or shrinks lengths low down in the phylogeny compared with high up, as indicated by the data. Whereas phylogenetic regression is designed for a continuous yvariable, Grafen & Ridley (1996) compared methods for discrete data and found that it was the most satisfactory of those tested, and therefore is suitable for our study where the life history variable is a binary character.
Previous studies have used discriminant analysis to predict group membership based on similarities between morphological characters (e.g. Senturia, 1995; Reig, Daniels & Macdonald, 2001; Riga et al ., 2001) . In our study, we allowed for phylogenetic nonindependence among our data in the following manner. We repeated the discriminant analyses using randomly selected single representatives of clades in which the derived trait endoparasitism has arisen independently; thus, for each transition from ectoparasitism to endoparasitism, only a single endoparasitoid species will be represented in the model.
The four genera for which we wish to infer life history are as follows. 1. Megalohelcon Turner (Trachypetinae). There has been a debate over the timing of the shift to endoparasitism within the Braconidae (Dowton, Austin & Antolin, 1998) . This genus is recovered at the base of the Braconidae in analyses of both molecular (Belshaw et al ., 1998; and morphological data (Quicke et al ., 1999a) and knowing its life history would help resolve this. 2. Aspilodemon Fischer. The sister group of the largely Northern Hemisphere aphid-parasitoid clade Aphidiinae has recently been shown to be a Southern Hemisphere gall-associated clade, which is called the Mesostoinae (Belshaw et al ., 2000; . Some of the members of the Mesostoinae are phytophagous (Austin & Dangerfield, 1998) , but the life history of parasitoid members of the clade, such as Aspilodemon , is not known with certainty (Oda, de Macedo & Quicke, 2001 ). 3. Gnamptodon Haliday. Another important dichotomy among parasitoid Hymenoptera is between idiobiosis and koinobiosis (Askew & Shaw, 1986) . The distinction here is whether the host (a) is not allowed to develop further after the female parasitoid lays her egg(s), being either permanently paralysed or killed ( = idiobiosis), or (b) is allowed to continue development and is only killed later by the developing parasitoid larva(e) ( = koinobiosis). There is a very strong correlation between idiobiosis/koinobiosis and ectoparasitism/endoparasitism: idiobionts tend to be ectoparasitic while koinobionts tend to be endoparasitic (Mayhew & Blackburn, 1999) . The genus Gnamptodon is known to be a koinobiont, but it has not been confirmed as an endoparasitoid (Shaw & Huddleston, 1991) . If it were, it might represent an origin of the trait within the cyclostome clade of the Braconidae independent of that in the Opiinae/Alysiinae and Rogadinae. However, if it were ectoparasitic, as indicated by the papilliform antennae of the final instar larvae ( apek, 1970) , then it would be only the second known ectoparasitic koinobiont in the Braconidae (see below). 4. Allobracon Gahan. Although there are many undescribed species, all known reared specimens of Allobracon are from leaf-mining Lepidoptera and Coleoptera (Wharton, 1993) , and we are unaware of any observations of the larvae. Although the genus has been treated as ectoparasitic ( apek, 1970) , this was based on the assumption that this genus was closely related to the Braconinae and this is now thought to be incorrect (D. L. J. Quicke, unpubl. data) .
MATERIAL AND METHODS
First, we need a phylogeny estimate both for the phylogenetic regression analysis and to enable us to select taxa for the discriminant analysis that represent independent origins of endoparasitism. The phylogeny estimate of the Ichneumonoidea that we use here is derived from previous publications. The Ichneumonoidea may be divided into three clades following fig. 4 ): (a) the Č Č estimate for the non-cyclostome Braconidae is from the above study (figs 5-7); (b) the estimate for the cyclostome Braconidae is from Belshaw et al . (2000: fig. 1 ); (c) the estimate for the Ichneumonidae is from Quicke et al . (2000: fig. 3 ). These three estimates were simply melded together, i.e. there was no reconciling of conflicting tree topologies to create a supertree.
We then used maximum parsimony (MP), as implemented in MACCLADE 4.0 (Maddison & Maddison, 1992) , to estimate the transitions to endoparasitism on this phylogeny estimate. Where this MP estimate of the transitions to endoparasitism was ambiguous, we resolved the character evolution using the DELT-RAN transformation in MACCLADE, which forces changes on trees to be as far away from the root as possible (i.e. it prefers independent origins of derived states over early origin with subsequent reversal). Our phylogeny estimate contained three polytomies and, although we could use this for the phylogenetic regression (which is designed to handle incompletely resolved phylogenies), resolving ambiguous character estimation using the above transformation requires a fully resolved tree. All possible random resolutions had the same effect on the estimate of character evolution, and the result of one resolution is shown in Figure 1 . In the legend to this figure we discuss at length several modifications we made to the basic analysis using other sources of data, and other issues of categorization, etc.
Our analysis therefore gave us 12 independent evolutions of endoparasitism, and within these 12 clades we selected 27 representative species whose life history is known (Table 1) . To represent the ancestral trait of ectoparasitism we selected 14 species that covered as broad a range of phylogenetic and life history variation as possible; these included species from ten subfamilies, including parasitoids of hosts in varying degrees of concealment within plant tissue (Table 2) .
We found a wide range of ovipositor morphologies among species both where the life history is known and where it is unknown (Fig. 2) , showing that the inference of life history from morphology is not a trivial exercise. We scored a total of 20 morphological characters described in Table 3 (comprising seven linear measurements, seven ratios and six discrete characters), some of which are shown in Figure 3 . The character definitions and data are given in Table 3 . Our selection of characters is based upon hypotheses about the mode of functioning of ovipositors (Vincent & King, 1996; Quicke et al ., 1999b) . Most of our characters relate to the following main ovipositor features. A protruding nodus on the upper valve is believed to play an important role in wood-boring taxa, locking the upper valve in place so that the lower valves can be pushed into the substrate. Similarly, lower valve teeth are expected to be involved in rasping or breaking wood fibres (although the precise mechanism is not yet understood and may vary between taxa). A strong nodus and strong serrations are not expected in endoparasitoids as they are likely to cause an unnecessarily large degree of damage to the host, which in most cases needs to survive oviposition and continue development. The presence of a pre-apical notch in the upper valve is tentatively assumed to be associated with moderating penetration of the host cuticle; an analogous notch has been shown to act as a clip for securing the host cuticle in the cynipoid Leptopilina Foerster (van Lenteren, Isidoro & Bin, 1998) . Similar arguments can be put forward concerning the internal characters: the internal division of the upper valve lumen by a septum is likely to be involved in strengthening it (Quicke et al ., 1994) ; valvilli features may be associated with venom or egg manipulation within the ovipositor; the extent of the olistheter mechanism is likely to be connected to the need to maintain the upper and lower valves together as a single functional unit at the tip during envenomation and/or oviposition.
In order to determine if absolute size of the parasitoid has an effect on the way characters reflect life history we needed a measure of wasp size. In the parasitoid literature, hind tibia length has been widely used as a measure of size, e.g. it can be measured in wingless species, it is easy to measure accurately and is not affected by drying (Godfray, 1994) .
Ovipositor measurements were taken manually from scanning electron microscope (SEM) images using Adobe Photoshop. We used an ISI ABT55 variable-pressure SEM with a Robinson back-scattered electron detector. Exceptions were Ephedrus plagiator and Habrobracon juglandis , for which ovipositor measurements were taken from Le Ralec (1991) and Bender (1943) , respectively. One aspect of the ovipositor that needs to be noted is that it lacks the landmarks necessary to reduce measurements to sets of interlandmark Euclidean distances (Reig, Daniels & Macdonald, 2001) .
For phylogenetic regression we used the single, largely resolved, tree obtained above and all morphological measurements from all taxa. The charac- Figure 1 . Maximum parsimony estimation of the transition from ectoparasitism to endoparasitism in the Ichneumonoidea on our estimate of phylogeny, with the position of analysed species shown. Note, some higher taxa are not recovered as monophyletic. Tree shown is one of the random resolutions of the original phylogeny estimate, which has the nodes under Agriotypinae and Labeninae collapsed, and a trichotomy involving Banchus and Mesochorus . Coding: Open = Ectoparasitoid; Closed = Endoparasitoid. Taxa whose life history is not given are either under investigation here or their life history is inapplicable to our coding (see below). We assume that Mesoleptus and Philomacroploea were not basal taxa within the Cryptinae and Braconinae, respectively, and have added additional branches accordingly (relationships within Braconinae drawn arbitrarily). The affinities of Allobracon are not known so it is not included here (see text). We made the following modifications to the result of the character estimation on the above tree. (a) We treated the Aphidiinae as an independent origin of endoparasitism to that in the other non-cyclostome Braconidae. This entirely endoparasitic subfamily forms a well-supported clade together with the Mesostoinae, which are phytophages or whose biology is poorly known -such as Aspilodemon investigated in this study. This clade has been recovered both as the sister group of the noncyclostomes (Belshaw et al ., 2000) and within the non-cyclostome clade in neither case with much branch support. (b) Within the cyclostome Braconidae, we did not treat Spinaria Brullé as representing an independent origin of endoparasitism to that represented by Aleiodes Wesmael (the Rogadinae s.s. ); there is evidence from both morphology and life history (the shared mummification of the host larvae) that -despite weak molecular evidence -these form a single clade (van Achterberg, 1991) . (c) In the Ichneumonidae, we excluded the endoparasitoid Euceros Gravenhorst, which lays its eggs on leaves and uses planidial larvae to contact the host (Gauld & Bolton, 1988) . We also treated Alomya Panzer as a separate origin of endoparasitism to that in the Ichneumoninae. Although they are placed together in our analysis, and on purely morphological grounds (Wahl & Mason, 1995) , more recent analysis of a larger molecular dataset separates them (Laurenne, Broad & Quicke, 2002) . In addition, we also note that our analysis did not include Sericobracon Shaw & Edgerly, which is very poorly known (although reputed to be an endoparasitoid and placed in the otherwise entirely ectoparasitic doryctine Braconidae) and we have ignored the (few) phytophagous taxa within the Ichneumonoidea. Our analysis includes some idiobiont endoparasitoids (one of the exceptions to the correlation between endoparasitism and koinobiosis among the Ichneumonoidea). Some pimpliform and ichneumoniform ichneumonids are such idiobionts endoparasitoid, attacking the pupal stages of their host, and we grouped these together with the koinobiont endoparasitoids because their life history as regards oviposition appeared similar. However, we excluded from our analysis ( = treated as 'missing data') the four unrelated koinobiont ectoparasitoid clades (the other exceptions) because of their highly aberrant oviposition habits, which we suspect are subject to very different selection pressures from those dealt with in this study. (a) The Tryphoninae ((Ichneumonidae) have anchored eggs whose main part is carried external to the ovipositor during oviposition, and the morphologically diverse egg anchors are inserted through the host cuticle in various ways. (b) Similarly, in at least some species of Adelognathus Holmgren (Ichneumonidae), the egg does not pass down the ovipositor, but rather emerges near the ovipositor base and is glued onto the host (M. R. Shaw, pers. comm.) . (c) The Polyphinctinae (Ichneumonidae) are unique in being parasitoids of spiders. (d) Rhysipolis Foerster (Braconidae) has been hypothesized as having a biology that is consistent with it being at an intermediate stage in the evolution of both koinobiosis and endoparasitism (Shaw, 1983) . ᭣ ters were all treated as continuous except for I, which was treated as categorical because it is easy to imagine that notches and noduses could evolve independently from or to a smooth state, or a notch could transform directly into a nodus or vice versa (Table 3, Fig. 3 ). It is necessary to make assumptions about branch lengths, and in our case 14 phylogenetic levels were recognized, and assumed to be equidistant in the initial branch lengths (although the fitting of rho allows a degree of flexibility in Host location: E = exposed; SC = semi-concealed (e.g. leaf-miners and web-spinners); C = concealed (e.g. wood and seed borers). Other notes: 1 -all hosts are nocturnally feeding lepidopteran larvae; 2 -genus parasitizes weevil eggs via the egg tube made by the host female, but species taxonomy within the genus is problematic (Kenis, Hulme & Mills, 1996) ; 3 -hosts are semi-concealed; 4 -ovipositor is inserted into the frass hole of the host; 5 -host is commonly just under the surface of very soft decaying fruit; 6 -we found uneclosed adults within host pupae in the collection of The Natural History Museum, London; 7 -not known how the female contacts her concealed host (from the delicacy of the ovipositor, Wahl (1991) suggests that it probes rather than bores for its host); 8 -attacks young Cydia pomonella larvae through the apple skin when they are near the surface; 9 -reared from Agriopis spp. (Geometridae), all of which are all exposed feeders (S.-H. Yen pers. comm.); 10 -as Banchus femoralis; 11 -biology not known for certain, the host Diplolepis rosae is a gall former; 12 -has a longer ovipositor than the rest of the genus; observed probing flower heads of Knautia arvensis to oviposit in eggs of Nemophora metallica. 13 -all known hosts of orthocentrines are Diptera larvae (Wahl, 1990) ; another species of Megastylus is a known koinobiont endoparasitoid (Wahl, 1996) ; 14 -As C. calcitrator; attacks eggs of stem borers in grasses; 15 -attacks stem gall-forming Cleonis larvae in Cirsium; 16 -idiobiont parasitoid of lepidopteran pupae; 17 -an unidentified species in the same genus probes decaying snails with its ovipositor for fairly mature larvae of Sarcophaga nigriventris; 18 -female enters the host burrow to attack the larva.
this). The life history trait was treated as the response variable and each other explanatory variable was fitted in turn. Having found the explanatory variable that explained the largest variance (F value), it was controlled for and the remaining variables fitted in turn. This was repeated until F values became small and non-significant. Predicted values of the response variable for each taxon were obtained for each of the best models (that for Allobracon, which was not included in the phylogeny estimate, was calculated by hand from the models). Analyses were also performed with log(size) to see whether that transformation changed conclusions. We carried out standard discriminant analyses as implemented in STATISTICA version 4.1, using the 20 independent variables derived from the morphology plus one binary grouping variable (ecto-vs. endoparasitism). We recorded the classification of cases (species) by the program (either ecto-or endoparasitoid) together with the posterior probabilities, and the partial lambdas for each independent variable. Only 1.0% of our data were missing, and values for these were imputed using means. We performed 30 discriminant analyses, each of which contained all 14 ectoparasitoid species, the four species of unknown life history, but only a single randomly selected species from each of the 12 endoparasitoid clades.
RESULTS
In the phylogenetic regression, the largest F 1,15 value (39.62) in the uncontrolled analysis was for variable U (extent of olistheter). Controlling for U and refitting each variable in turn showed that variable P (relative height of nodus) had the largest F 1,13 value (27.66). Controlling for U and P, and again fitting the other variables in turn, gave variable H (absolute height of nodus) the highest F 1,25 value (3.96). Repeating this, the next highest was 3.455, which was not significant. In subsequent analyses, we therefore tested the predictive powers of models based on U, U + P, and U + P + H. As shown in Figure 4 , model U correctly classified all but two of the taxa with known biology. Model U + P + H correctly classified all but one of the taxa (Mesoleptus), but at the expense of less confidence for the others (U + P was intermediate). For this reason we prefer the simple phylogenetic regression model with just U as the predictor. The inclusion of log(size) in the model made no difference to the results as it did not beat any of the 'winning' variables. The predicted values for the species whose life history is unknown are shown in Table 4 . All models classified Megalohelcon and Gnamptodon as endoparasitoids, and Aspilodemon as an ectoparasitoid. Our preferred model classified Allobracon as an ectoparasitoid, but the more complex models give an ambiguous result.
The discriminant analyses found no more than one incorrect classification of the species used to create the model in any replicate, and found none in 26 of the 30. For the four species whose life history is unknown, their classifications together with the associated posterior probabilities are shown in Table 5 . This analysis gives strong support for Aspilodemon being an ectoparasitoid, and weak to moderate support for Megalohelcon being an endoparasitoid Certonotus fractinervis Vollenhoven Gauld & Wahl (2000) . CS Xoridinae Xorides brachylabris Kriechbaumer Chrystal & Skinner (1931) . CS Rhyssinae Rhyssa persuasoria (Linnaeus) Fitton, Shaw & Gauld (1988) . CS Poemeninae Pseudorhyssa alpestris Holmgren Fitton et al. (1988) . CP Pimplinae Ephialtes manifestator (Linnaeus) Fitton et al. (1988) . CP 3 Dolichomitus populneus Ratzburg Fitton et al. (1988) . CS Host location: E = exposed, SC = semi-concealed (leaf-miners and stem-borers); CP = concealed (wasp probes existing holes to locate the host); CS = concealed (wasps bores through plant tissue). Other notes: 1 -wasp stings the host through the leaf but then enters the mine to oviposit; 2 -attacks bee larvae in stems, and another member of the genus (G. californica) has been observed to bore through the stem wall to oviposit (Slobodchikoff, 1967) . 3 -hosts not certain but wasp reared from dead wood and adult females are seen probing host emergence holes.
Figure 2. Distal part of ovipositor of the four parasitoid species whose life history is unknown, plus a selection of species whose life history is known. The complete ovipositor of the four species is also shown in profile, drawn relative to the width of the head of the species. Species with known life history are as follows (see Tables 1 and 2 for full names and classification). Endoparasitoids: host is exposed -a Aleiodes, and for Allobracon being an ectoparasitoid. Regarding Gnamptodon, the result is inconclusive; we can only say that it is more likely to be an endoparasitoid than an ectoparasitoid. In Table 6 , characters are ranked by their partial lambda in the discriminant analyses, averaged across the 30 analyses. Both methods found character U (whether or not the rhachis of the olistheter mechanism extends to the tip of the ovipositor) to be the most useful one for predicting whether species are endoparasitoids or ectoparasitoids. In Table 5 we also show the results of excluding from our discriminant analyses the three internal ovipositor characters (S, T and U in Table 3 ). Unlike the other characters, these require disarticulation of the ovipositor and hence would be considered as destructive and unlikely to be permitted for rare museum specimens. Excluding these characters has the expected effect of merely reducing the significance level of the results for three of our test species, but in Allobracon it has the opposite effect, with all replicates classifying it as an ectoparasitoid (and with a lower P value). This appears to the result of one character: in Allobracon the dorsal valve of the ovipositor is undivided (T = 1) as in many endoparasitoids, but unlike in all the included ectoparasitoidsand in all of the many other ectoparasitoids examined but not included in our analysis (Quicke & van Achterberg, 1990; Quicke et al., 1994) .
DISCUSSION
Both phylogenetic regression and our, phylogenetically adjusted, discriminant analyses gave similar predictions of life history for our four genera where it is unknown. We therefore conclude that Megalohelcon and Gnamptodon are probably endoparasitoids, and Aspilodemon and Allobracon are probably ectoparasitoids. For the latter two species, however, we find that only one of the methods gives a robust classification. Neither method gave a perfect classification of life history of our taxa where it was already known, but we attribute this largely to the misclassification of Mesoleptes, a taxon with a particularly unusual ovipositor morphology (Fig. 2c) , and Philomacroploea, both of which have the olistheter mechanism ending somewhat before the apex of the upper valve. These may well represent relatively recent origins of endoparasitism as both are nested deeply within subfamilies (Cryptinae and Braconinae, respectively) that are dominated by ectoparasitoids. Inclusion of additional information, as readily done by discriminant analysis and by inclusion of variables U + P + H in phylogenetic regression, allow Philomacroploea to be correctly classified. The fact that the most important predictive variable (U) was the same in both methods, but that the next best variable in phylogenetic regression was 15th in terms of its partial lambdas in the discriminant analysis (Table 6) , is because many of the characters with lower partial lambda (better predictive power) were strongly correlated with variable U.
Our inference that Megalohelcon is an endoparasitoid (ovipositor morphology appears to be effectively constant within its subfamily the Trachypetinae) makes the unweighted MP estimation of the ancestral life history of the Braconidae ambiguous rather than ectoparasitoid as previously found (note, DELTRAN Table 3 for further explanation of characters. Quicke et al. (1999b) . A = ectoparasitic (0) or endoparasitic (1). B = length of hind tibia. C = length of ovipositor excluding basal expansions. D = depth of notch (Fig. 3 ). E = depth of ovipositor at its mid-point. F = depth of ovipositor at a distance from the tip equal to E (a measure of 'pointedness'). G = sum of depths of all teeth (Fig. 3 ) (a measure of overall tooth development). H = height of nodus (or swelling in the posterior half of ovipositor) above that of E (Fig. 3) . I = ovipositor with dorsal notch (0), at least one dorsal nodus (2) or neither (1) (Fig. 3) . J = lower valve with deep concavity (0), faint concavity (0.5) or no concavity (0) in profile (Fig. 3) ; K = C/B (relative length of ovipositor). L = D/E (relative depth of notch). M = E/C (relative thickness of ovipositor). N = F/E (relative 'pointedness'). O = G/E (relative tooth . P = H/E (relative height of nodus). Q = depth of largest tooth/E (relative tooth development). R = number of teeth on each lower valve. S = number of valvilli. T = dorsal valve divided (0) or undivided (1) (equivalent to lumen paired or single). U = rhachis of the olistheter mechanism does not (0) or does (1) extend to the tip of the ovipositor. All measurements are taken from a single individual and are seen in lateral view except in Grotea, where the ovipositor and its teeth in crosssection extend further laterally than dorso-ventrally (ovipositor measurements in this species were taken in dorsal view). resolution of this ambiguity makes it ectoparasitoid with an additional independent transition to endoparasitism in the Trachypetinae). The possibility, raised by Dowton et al. (1998) , of an early shift to endoparasitism in the family followed by a reversal thus has less weight against it than previously assumed (although we suspect that the rooting they obtained in their molecular analysis with Meteorus Haliday (Euphorinae) appearing as a basal braconid may be artefactual, perhaps due to base compositional bias). Allobracon is within the predominantly ectoparasitoid cyclostome clade, so its being ectoparasitoid has no effect on the estimation of trait evolution. As previously discussed, the phylogenetic placement of the Mesostoinae (which includes Aspilodemon) and its sister group the Aphidiinae is uncertain. If we are correct in our inference here that Aspilodemon is an ectoparasitoid, then this also may be interpreted as further evidence for a basal position of this clade within the Braconidae; otherwise, an unweighted MP estimation of character change would infer a reversal to ectoparasitism in Aspilodemon, which is not supported by larval morphology -there is no reduction in its cephalopharyngial skeleton as found with such reversals in other parasitoid lineages (Oda, de Macedo & Quicke, 2001 ; G. R. Broad, R. Belshaw & D. L. J. Quicke, unpubl. data) . We should also mention that species in the ichneumonid subfamily Labeninae that bore through hard wood, such as the Certonotus species examined here, tend to have many extremely small teeth on the lower valve of the ovipositor rather than the more typical fewer and larger teeth (Gauld & Wahl, 2000) , and these are not reflected in our characters. The possession of very small teeth also occurs in a few Cryptinae and Braconinae (see, for example, van Achterberg & Quicke, 1991) , and probably represents a different mechanism for wood penetration (J. Vincent, pers. comm.) .
Both phylogenetic regression and discriminant analysis identified character U (extent of olistheter) as the morphological variable most strongly corre- lated with biology. Considering the usefulness of individual characters for classification, we suspect that the importance of the development of this rhachis reflects whether the egg is extruded from near the ovipositor tip, or considerably anterior to the tip. Neither the length of the ovipositor nor its length relative to that of the tibia are good classifiers by themselves (eighth and seventeenth most useful, respectively, in the discriminant analyses). We know of no published observations of the detailed workings of ovipositors, which would be extremely valuable and should be a high priority in future research. Table 6 . Morphological characters ranked in descending order of usefulness in classifying taxa as endoparasitoids or ectroparasitoids. The partial lambda for each character averaged across the 30 analyses is shown. See Table 3 
